A self-assembled supramolecular complex is reported to catalyze alkyl-alkyl reductive elimination from high-valent transition metal complexes [such as gold(III) and platinum(IV)], the central bond-forming elementary step in many catalytic processes. The catalytic microenvironment of the supramolecular assembly acts as a functional enzyme mimic, applying the concepts of enzymatic catalysis to a reactivity manifold not represented in biology. Kinetic experiments delineate a Michaelis-Menten-type mechanism, with measured rate accelerations (k cat /k uncat ) up to 1.9 × 10 7 (here k cat and k uncat are the Michaelis-Menten enzymatic rate constant and observed uncatalyzed rate constant, respectively). This modality has further been incorporated into a dual catalytic cross-coupling reaction, which requires both the supramolecular microenvironment catalyst and the transition metal catalyst operating in concert to achieve efficient turnover.
S upramolecular catalysis was born from biological inspiration. By emulating the transition state binding of enzymatic active sites (1) , chemists have developed synthetic noncovalent microenvironment catalysts that are capable of reproducing a range of enzymatic reaction motifs, from proton-catalyzed hydrolases to constrictive terpene cyclases (2) (3) (4) (5) (6) (7) (8) (9) . However, due to the circumstances of evolutionary history, nature has selected for enzymes that mediate a narrow subset of chemistries employing Earthabundant elements. Although the exploration of biomimetic chemistries has dominated supramolecular catalysis thus far, no such limitations are inherent to fully synthetic systems, and as such, microenvironment catalysis is poised for expansion to abiotic mechanistic manifolds.
In many ways, the development of organic chemistry was born out of the same biological impetus, and many triumphs of the field are recapitulations of superior enzymatic systems (consider the excellent stereoselectivity of aldolases or the site selectivity in C-H functionalization by oxidases). In contrast, organotransition metal catalysis was developed in the absence of a preceding biological analog. The proliferation of such methods has relied on the judicious examination of catalyst structure-activity relationships, traditionally exploiting ligand architecture to provide a series of specialized catalyst systems for individual transformations and substrate classes (10) . As an alternative strategy, we envisioned a marriage of transition metal and microenvironment catalysts for the expansion of the canon of accessible reactivity. This wedding of biomimetic and anthropogenic chemistries opens the door for a paradigmatic shift in strategic approaches to catalysis. Successful realization of catalytic cycles requires the careful orchestration of elementary steps: Should any step prove particularly slow, the overall rate will become retarded, and in extreme cases, reactivity can be precluded altogether. Although certain stoichiometric additives have been shown to accelerate elementary organometallic reactions (11) (12) (13) (14) (15) , the catalysis of such reactions is less common (16) (17) (18) . Rather than altering catalyst structure in a way that influences each elementary step, a synthetic microenvironment catalyst could be leveraged to specifically target one step without sacrificing reactivity elsewhere along the catalytic cycle, enabling an otherwise inaccessible catalytic process. One catalytically relevant yet particularly sluggish transformation is reductive elimination of sp 3 fragments from transition metals (10) . As a result, alkyl-alkyl cross-coupling processes are often plagued by slow turnover and undesired side reactions (19) .
In light of the known trends for reductive elimination, we envisioned that the tendency of Ga 4 L 6 12-
(1) supramolecular assembly (Fig. 1A) [L = N,N′-bis (2,3-dihydroxybenzoyl)-1,5-diaminonaphthalene] to encapsulate low-coordinate cationic transition metal complexes was promising as a means to selectively recognize and stabilize the relevant transition state for C-C bond formation (20, 21) . The highly anionic, tetrahedral metal-ligand cluster 1 assembles spontaneously in solution and has been shown to catalyze a range of reactions involving neutral and cationic substrates via encapsulation within its hydrophobic interior cavity (22) . Thus, we hypothesized that 1 would be competent to act as a microenvironment catalyst for reductive elimination from an appropriate high-valent dialkyl metal complex. Initial realization of this reactivity in a stoichiometric sense would potentially inform the development of a dual catalytic process, wherein a microenvironment catalyst and a transition metal catalyst act in concert to achieve a challenging alkyl-alkyl cross-coupling.
To that end, we evaluated 1 as a catalyst for the elimination of ethane from the dialkyl Au(III) iodide complex 2-I (23, 24). The observed halflife for reductive elimination under a 10 mol% loading of 1 decreased from 20 weeks to just 53 min, corresponding to a 4000-fold acceleration in the observed initial rate (Fig. 1B) . Substitution of the compact trimethylphosphine ligand by its more sterically demanding triphenyl congener resulted in no observable acceleration for the reductive elimination in the presence of 1, which is indicative of size exclusion from the internal cavity of the catalyst. Likewise, blocking the interior cavity with the strongly encapsulated Et 4 P (Et, ethyl) cation eliminated the accelerating effect of 1. Compared to observations for reactions with 2-I, the corresponding chloride and bromide complexes 2-Br and 2-Cl showed similar behavior under cluster-catalyzed conditions, with relative rates of 5.7 and 6.5, respectively.
From the kinetic profile of the reductive elimination from 2-I ( fig. S1 ), it became clear that a catalyst-deactivation pathway was operative at extended reaction times. Although no product inhibition was observed, examination of the reaction mixture by 1 H nuclear magnetic resonance (NMR) spectroscopy revealed a strongly encapsulated species, which was identified as the cationic bis(phosphine) complex 3 (25). Its identity was verified by independent synthesis, and 3⊂1 was shown to be incompetent as a catalyst for the elimination of ethane from 2-I (Fig. 1E ). To disfavor this deleterious pathway, we hypothesized that a phosphine of intermediate steric demand would preclude the formation of the analogous bis (phosphine) cation while remaining sufficiently compact to allow encapsulation by 1. In accordance with this hypothesis, triethylphosphineligated complex 4 exhibited rapid and complete reductive elimination in the presence of 1 (Fig.  1C) . No catalyst deactivation was observed, and a turnover number in excess of 300 could be achieved. The catalyzed reaction of 4 exhibits a half-life of just 47 s compared with 45 days in the uncatalyzed reaction, corresponding to more than an 80,000-fold increase in the observed rate.
We then endeavored to evaluate whether this catalytic methodology could be generalized to reductive elimination from other dialkyl transition metal complexes bearing a labile X-type ligand. To that end, platinum complex 5 was prepared and subjected to catalysis by 1 (26). The observed half-life for reductive elimination of ethane decreased from 9 days in the absence of 1 to just 6 min in its presence, corresponding to a 2300-fold acceleration of the observed rate (Fig. 1D) .
For a better understanding of the catalyzed reductive elimination process, we conducted kinetic experiments to determine the order in each reactant, using the method of initial rates. For the reductive elimination of ethane from complex 2-I, the reaction displayed first-order dependence on catalyst 1, as measured by competitive inhibition with Et 4 P + (a linear relation was observed between the rate of reductive elimination and the concentration of the unblocked cluster). Conversely, the rate of reductive elimination was found to be dramatically attenuated in the presence of exogenous iodide (Fig. 2A) . The dependence on gold concentration showed saturation behavior, which could be linearized by plotting the double reciprocal of concentration and rate (27) . These results are consistent with an overall Michaelis-Menten-type mechanism involving pre-equilibrium halide dissociation followed by a transient and reversible encapsulation of the nascent cationic species and, finally, an irreversible reductive elimination event within the cluster cavity (Fig. 2B) .
Accordingly, from the aforementioned double reciprocal (i.e., Lineweaver-Burk) plot, the Michaelis-Menten parameter k cat (MichaelisMenten enzymatic rate constant) could be assessed (Fig. 2E ). The measured k cat for complex 2-I was found to be 3.3 × 10
, corresponding to an overall acceleration (k cat /k uncat ) of 5.0 × 10 5 (where k uncat is the rate constant for the uncatalyzed reaction). Gold complex 4 and platinum complex 5 showed analogous kinetic profiles consistent with a Michaelis-Menten mechanism (figs. S10 to S12 and S18 to S20). The corresponding Lineweaver-Burk plot for 5 provided a k cat of 2.3 × 10
, corresponding to a similar acceleration of 2.6 × 10 4 (Fig. 2D) . For complex 4, however, the rapidity of the reaction introduced substantial error into the estimation of k cat by the method of initial rates. Thus, we instead applied reaction progress kinetic analysis to generate a larger data set, affording an estimate for k cat of 3.4 s
, corresponding to a k cat / k uncat of 1.9 × 10 7 (28) . The data obtained in this way are consistent with the initial rate data (fig. S12) while providing a more robust measurement due to the expanded data set. This rate acceleration is on par with that of many enzymatic processes; for comparison, chymotrypsin has been shown to accelerate amide bond hydrolysis with 10 7 -fold rate accelerations (29) .
The extension of this phenomenon to a dual catalytic cross-coupling would represent a proof of principle for our initial hypothesis that a synthetic self-assembled supramolecular cocatalyst could be employed to overcome kinetically prohibitive barriers in otherwise desirable crosscoupling reactions (30) . On the basis of the stoichiometric reactivity (see above), we envisioned a cocatalytic cross-coupling of a methyl electrophile with a complementary nucleophilic alkyl metal species. This goal presented several challenges: The supramolecular assembly 1 was found to decompose in the presence of methyl iodide, requiring the implementation of the previously reported analog 6, which bears catechol ligands with diminished electron density (Fig. 3A) (31) . Identification of a nucleophile capable of transmetallating to Pt II while remaining tolerant of both a protic solvent and the supramolecular catalyst eliminated several typical candidates (32), but stannanes were found to be suitable partners under these criteria. Subsequently, we discovered that the Me 3 SnI by-product formed upon transmetallation from tetramethyltin was a strong guest for 6, requiring the use of fluoride to generate Me 3 SnF and prevent catalyst inhibition. Under these conditions, we found that efficient C-C coupling occurred only in the presence of both the platinum and supramolecular catalysts (Fig. 3B) . The presence of a radical trap (9,10-dihydroanthracene) did not inhibit the reaction, and an isotopic labeling study employing deuterated iodomethane indicated the incorporation of both coupling partners. An overall mechanism for this process is proposed in which the demonstrated microenvironment catalysis of reductive elimination from complex 5 is incorporated into a traditional organometallic catalytic cycle (Fig. 3C) , enabling an otherwise prohibitively slow process. This strategy should prove general; a tailored synthetic microenvironment catalyst could be designed to recognize the ratelimiting transition state for other high-value catalytic processes. Solar flares-the most powerful explosions in the solar system-are also efficient particle accelerators, capable of energizing a large number of charged particles to relativistic speeds. A termination shock is often invoked in the standard model of solar flares as a possible driver for particle acceleration, yet its existence and role have remained controversial. We present observations of a solar flare termination shock and trace its morphology and dynamics using high-cadence radio imaging spectroscopy. We show that a disruption of the shock coincides with an abrupt reduction of the energetic electron population. The observed properties of the shock are well reproduced by simulations. These results strongly suggest that a termination shock is responsible, at least in part, for accelerating energetic electrons in solar flares.
T he acceleration of charged particles to high energies occurs throughout the universe. Understanding the physical mechanisms is a fundamental topic in many space, astrophysical, and laboratory contexts that involve magnetized plasma (1). For solar flares and the often-associated coronal mass ejections (CMEs), it is generally accepted that fast magnetic reconnection-the sudden reconfiguration of the magnetic field topology and the associated magnetic energy release-serves as the central engine driving these powerful explosions. However, the mechanism for converting the released magnetic energy into the kinetic energy in accelerated particles has remained uncertain (2, 3). Competing mechanisms include acceleration by the reconnection current sheet, turbulence, and shocks (2) (3) (4) (5) .
Of possible interest in this regard is the termination shock (TS), produced by super-magnetosonic reconnection outflows impinging upon dense, closed magnetic loops in a cusp-shaped reconnection geometry (6) . Although often invoked in the standard picture of solar flares (7, 8) and predicted in numerical simulations (6, (9) (10) (11) , its presence has yet to be firmly established observationally and, because of the paucity of direct observational evidence, its role as a possible particle accelerator has received limited attention (2, 3) . Previous reports of coronal hard x-ray (HXR) sources in some flares have shown convincing evidence of the presence of accelerated electrons at or above the top of flare loops (referred to as the "loop-top" hereafter, or LT) (7, 12) , where a TS is presumably located. The often-cited observational evidence for a solar flare TS has been certain radio sources showing spectroscopic features similar to solar type II radio bursts (radio emission associated with propagating shocks in the outer corona), but with small drifts in their emission frequency as a function of time, which implies a standing shock wave (13) (14) (15) (16) (17) . However, because of the limited spectral imaging capabilities of the previous observations, none of these have shown direct signatures of the TS in terms of its characteristic morphology and dynamics, as well as a clear relation to the reconnection outflows, so that a definitive association with a TS could be demonstrated.
We present observations of a TS in an eruptive solar flare using the Karl G. Jansky Very Large Array (VLA). This eruption occurred close to the east limb of the Sun on 3 March 2012 (Fig. 1A) , producing a fast white light CME [~1000 km s ; observed by the Large Angle and Spectrometric Coronagraph Experiment (LASCO)] and a C1.9-class long-duration flare (18) . It displayed a cuspshaped reconnection geometry typical of the standard scenario of eruptive solar flares (7, 8) , in which the eruption outward into the upper corona stretches magnetic field lines behind it and induces a vertical current sheet, where magnetic reconnection occurs. The reconnected field lines below the reconnection site are pulled downward by magnetic tension to form an arcade of magnetic loops anchored at the solar surface. The arcade of reconnected loops subsequently fills with hot plasma and becomes bright in extreme ultraviolet (EUV) and soft x-ray (SXR) wavelengths. For this event, the eruption, the current-sheet-like structure, and the
